. Xenopus engrailed-2 is a direct target of Wnts acting as part of the midbrain-hindbrain boundary organizer [24] . However, to our knowledge, no targets of the posteriorizing Wnt signal during gastrulation are known.
Here, we use DNA microarrays to identify several new targets of Wnt/β-catenin signaling during early zebrafish development. In particular, we show that the transcription factor sp5-like is a direct target of Wnt/β-catenin signaling during gastrulation and that, together with its paralog sp5, it acts downstream of wnt8 in dorsoventral mesoderm patterning and posteriorization of the neuroectoderm. We conclude that sp5 transcription factors are required mediators of cellular responses to Wnt/β-catenin signaling in multiple contexts.
Results

A Microarray Screen Identifies Novel Targets of Wnt/␤-Catenin Signaling
To identify new target genes of Wnt/β-catenin signaling, we activated the pathway in early zebrafish embryos and screened for transcriptional changes with DNA microarrays. Specifically, we injected RNA coding for either Wnt8 or GFP into 1-cell-stage embryos and isolated RNA from early gastrula stage embryos (shield stage, 6 hr postfertilization [hpf]) ( Figure 1A ). cDNA samples derived from control and experimental RNA were labeled with different dyes and competitively hybridized to microarrays containing about 8,000 cDNAs from a normalized mixed-stage cDNA library. We verified candidate genes by whole mount in situ hybridization of control and wnt8-injected embryos. Because in situ hybridization is at best a semiquantitative method that cannot detect small changes in RNA levels, any Table S2 Embryos are shown in dorsal view, except for 23-f17 (T and U) in for more information on these and four additional animal view. axin2 (E) is reduced in 8/13 embryos (62%), aldh1a2 genes). axin2, a negative regulator of β-catenin stability, (raldh2) (I) in 9/14 (64%), isthmin (M) in 11/12 (92%), cbs (Q) in 6/11 has previously been shown to be induced by Wnt sig-(55%), 23-f17 (U) in 12/17 (71%). Figure  3E) . Likewise, the presumptive telencephalon expressphenotype, expansion of posterior and loss of anterior neural fates [6, 9] . To test whether sp5l is sufficient to ing hesx1 is reduced in sp5l-injected embryos (red in Figure 3H ) and the presumptive midbrain-hindbrain mediate the effects of Wnt signaling during gastrulation, we first overexpressed sp5l and compared the inboundary (MHB) marked by her5 shifted anteriorly (blue in Figure 3H ). Subsequently, sp5l overexpression duced phenotypes to those produced by overexpression of Wnt. Injection of high doses of RNA encoding causes loss of the forebrain markers foxg1 (previously called bf1) and emx3 (previously emx1) at early somitosp5l resulted in the loss of anterior neural structures, most prominently the eyes (Figure 3B) , without producgenesis stages (arrowheads in Figures 3J and 3L) Figures 3N and 3O) . Thus, ecbut knockdown of sp5-like did not ( Figure 4I) (Figures 4D and 4F) . Because class 5 embryos die during somitogenesis, we counted Because sp5-like overexpression causes posteriorization of the CNS (see above), we reasoned that loss of them at early somitogenesis, whereas the other classes were scored at 2 days postfertilization.
sp5l function might result in the opposite phenotype: reduction of posterior neural fates and expansion of When we overexpress a moderate dose of wnt8 RNA together with the standard control morpholino, more more anterior ones. To test whether sp5l inhibition causes defects in anteroposterior neural patterning, we than 60% of the embryos are severely dorsalized (class 5), whereas most of the rest display less severe mesoexamined the expression of pax2a and krox20 at the 10-somite stage in control embryos and those injected dermal defects (class 4) ( Figure 4G shows the results of one representative experiment out of three). In contrast, with sp5l MO. We found that the distance between the MHB expressing pax2a and rhombomere 5 expressing coinjection of the sp5l morpholino significantly decreases the severity of phenotypes induced by wnt8. krox20 is smaller in sp5l morphants (red arrow in Figure  5B ), suggesting that hindbrain fates are reduced. In Less than 20% of the embryos are hyperdorsalized (class 5), and the total fraction of embryos with mesocontrast, fore-and midbrain are unaffected (white arrow in Figure 5B ). Note that the width of the stripes of dermal defects (class 4 + class 5) is reduced to less than 40% compared to more than 80% in the controls krox20 expression in rhombomeres 3 and 5, and the distance between these stripes, is reduced as well (Fig-(Figure 4G ). Instead, most of the embryos are unaffected or have only milder phenotypes. In addition, the ures 5B, 5F, and 5H). The size of the otic placodes expressing pax2a is also significantly smaller (arrowhead CNS posteriorization caused by lower doses of wnt8 RNA is also significantly rescued by knockdown of sp5l in Figure 5B ). The anterior hindbrain seems to be particularly strongly affected, because fgfr3 expression in (data not shown). We conclude that sp5-like is required for the effects of ectopic Wnt/β-catenin signaling on rhombomere 1 is lost (arrowhead in Figure 5D ) and hoxa2b expression in rhombomere 2 is severely reboth mesoderm and neural patterning. Although these results confirm that sp5l is involved in neural patterning, duced (arrowhead in Figure 5F ). However, the posterior hindbrain and anterior spinal cord are also shortened rhombomere 1, low and high doses of wild-type sp5l RNA can reduce this number to 54% and 32%, respecas revealed by reduced expression of hoxb4a (arrow in Figure 5H ). Thus, sp5-like is required for patterning of tively ( Figure S5G ). The more potent VP16-sp5l RNA, however, induces complete rescue, with only 2% of the the posterior CNS, particularly the hindbrain.
If these defects were the consequence of earlier morphants lacking fgfr3 expression in rhombomere 1 ( Figure S5G) . Thus, the CNS anteriorization caused by changes in the anteroposterior coordinates of the CNS, we would expect a concomitant expansion of anterior the sp5l morpholino is specifically caused by interference with sp5l function. We conclude that sp5l is reneural fates. Indeed, we find that lef1, which is normally expressed in the mesencephalon [41] , expands into the quired for posteriorization of the CNS, particularly the prospective hindbrain. anterior hindbrain in sp5l morphants (compare distance between arrowheads in Figures 5I and 5J) . Likewise, her5 and gbx2, which are expressed at the MHB, are wnt8 and sp5-like Functionally Interact in Hindbrain Patterning expanded into the hindbrain (arrowheads in Figures 5L  and 5N) . Interestingly, not all MHB markers are ectopiZebrafish wnt8, like sp5l, is required for posteriorization of the neuroectoderm [8, 9]. This prompted us to ask cally expressed at the same time. Although pax2a and fgf8 expression is normal at the 10-somite stage, ecwhether sp5l acts downstream of wnt8 in this process. Because Wnt signaling posteriorizes the neuroectotopic expression of these genes is detected in the presumptive cerebellum (anterior hindbrain) by 24 hpf (arderm during gastrulation, we first asked whether sp5l is expressed at the right time and place to mediate wnt8-rowhead in Figure 5P To confirm the specificity of these defects, we atsee also Figure S6A ). By the end of gastrulation, at tailbud stage, it is still expressed broadly in the MHB and tempted to rescue the morphants with sp5l RNA that cannot be bound by the morpholino. Indeed, we found posterior neural domain but excluded from the prospective fore-and midbrain ( Figures S6B and S6C) . At that the expansion of her5 from the MHB into the anterior hindbrain and the loss of fgf3 expression in rhomearly somitogenesis, however, expression in the hindbrain region quickly fades, and by the 3-somite stage, bomere 1 can be reversed by coinjection of VP16-sp5l RNA (Figures S5A-S5F) . In addition, although 79% of expression in the CNS is limited to a very weak domain at the MHB ( Figure S6D ). Because sp5l is not expressed morphants coinjected with control RNA lack fgfr3 in in the presumptive hindbrain during somitogenesis, the 6E). We conclude that wnt8 and sp5-like coordinately regulate anteroposterior hindbrain patterning. hindbrain anteriorization caused by sp5l knockdown most likely occurs during gastrulation, when sp5l is expressed in the prospective posterior CNS. Thus, sp5-like expression is consistent with a function in neuroecsp5-like Functions Downstream of wnt8 in Hindbrain Patterning toderm posteriorization during gastrulation.
We next tested whether interference with wnt8 funcIf induction of sp5l expression by wnt8 mediates at least some of the effects of Wnt signaling on neuroection causes similar hindbrain defects as those seen in sp5l morphants. Indeed, we found that knockdown of toderm patterning, we might be able to rescue loss of wnt8 by restoring sp5l function. To test this prediction, both proteins derived from the bicistronic wnt8 locus results in loss of fgfr3 expression in rhombomere 1 at we knocked down wnt8 and coinjected sp5l RNA or renilla luciferase (RLuc) control RNA. Although only 5% the 10-somite stage (arrowhead in Figure 6B ) and in concomitant expansion of lef1 into the anterior hindof wnt8 MO + Rluc RNA-injected embryos had normal expression of fgfr3 in rhombomere 1, 47% lacked fgfr3 brain (compare distance between arrowheads in Figures 6C and 6D) . In addition, the width of the stripes in r1 altogether ( Figure 6F ). In contrast, low doses of VP16-sp5l RNA could restore wild-type expression in of krox20 expression in rhombomeres 3 and 5 and the distance between these stripes is also reduced (Figures 37% of injected embryos and reduce the number of embryos lacking fgfr3 to 16% ( Figure 6F) . Similarly, al-6B and 6D). Thus, wnt8 loss of function phenocopies the hindbrain defects of sp5l morphants. We next though only 39% (n = 33) of embryos injected with lower doses of wnt8 MO plus control RNA had normal asked whether wnt8 and sp5l functionally interact in hindbrain patterning. To test this, we coinjected hypofgfr3 expression in r1, coinjection of wild-type sp5l RNA rescued wild-type fgfr3 in 86% (n = 37) of embryos and morphic doses of wnt8 and sp5l morpholinos and assayed for expression of fgfr3 in rhombomere 1. At these also significantly reduced the number of embryos lacking fgfr3 expression after injection of high doses of doses, sp5l and wnt8 knockdown on their own did not delete expression of fgfr3 but resulted only in reduction wnt8 MOs (data not shown). Thus, overexpression of sp5-like can partially restore normal hindbrain patof expression in about 30% of injected embryos ( Figure  6E ). In contrast, the combined knockdown caused loss terning in wnt8 morphants, strongly suggesting that sp5l acts downstream of wnt8 in posteriorization of the of fgfr3 expression in 1/3 of the treated embryos and decreased expression in almost all of the rest (Figure neuroectoderm.
Discussion
In this study we establish that sp5-like, a member of the Sp1 family of transcription factors, is a direct target of Wnt/β-catenin signaling. We further show that sp5-like acts together with its paralog sp5 to mediate some of the functions of wnt8 in mesoderm and neuroectoderm patterning during zebrafish gastrulation. Although Sp1, the founding member of the Sp family of transcription factors, is expressed ubiquitously and is assumed to be a general regulator of transcription [32] , other family members are expressed in specific tissues both in mouse and zebrafish [33] [34] [35] [36] . Loss-offunction studies have revealed specific functions for some of these genes during embryonic development. Knockout of mouse Sp8 (also called mBtd) causes specific developmental defects, including posterior axial skeleton truncations and shortened limbs [37, 38] . Very recently, sp8 and sp9 were found to be involved in regulation of fgf8 expression in the limbs/fins of chick and zebrafish [42] . Loss of mouse Sp5 does not result in an obvious phenotype but enhances posterior mesoderm defects caused by loss of Brachyury (T) [33] . Zebrafish sp5 (bts1) was reported to be involved in induction of pax2a expression at the midbrain-hindbrain boundary [35] . The second zebrafish Sp5 homolog, sp5-like (spr2), was reported to act downstream of FGF signaling in mesoderm induction [36] . We find that sp5-like is specifically required for neuroectoderm posteriorization and that sp5 and sp5-like act redundantly in dorsoventral mesoderm patterning. Together, these studies present increasing evidence for specific roles of Sp1-like transcription factors in vertebrate development.
sp5-like Acts Downstream of wnt8
We show that overexpression of sp5-like posteriorizes the neuroectoderm during gastrulation and that sp5l knockdown reveals a requirement for endogenous sp5l in posteriorization of the neuroectoderm. Because sp5l is not expressed in the presumptive hindbrain after gastrulation, the brain patterning defects seen at the 10-somite stage are likely the consequence of a requirement for sp5l at an earlier stage. However, we were not able to detect any gross changes in anterior- We also found that sp5-like is required for the ability whole embryos is sufficiently sensitive to detect Wntregulated genes in zebrafish. Focusing on one of these of ectopic Wnt/β-catenin signaling to alter dorsoventral patterning of the mesoderm. However, we did not degenes, we found that the Sp1-related transcription factor sp5-like is a direct target of Wnt/β-catenin signaltect any obvious dorsoventral mesoderm patterning defects in sp5-like morphants. In contrast, knockdown ing during zebrafish gastrulation and acts together with its paralog sp5 downstream of wnt8 in mesoderm and of sp5, the paralog of sp5-like, causes moderate dorsoventral mesoderm patterning defects, whereas the comneuroectoderm patterning. Thus, sp5 transcription factors are required for cellular responses to Wnt/β-catenin bined knockdown of both sp5 and sp5-like reveals a redundant function of both genes in this process. Besignaling in at least two processes during early vertebrate development. cause sp5 is also regulated by Wnt signaling, it appears likely that both genes act downstream of wnt8 in meso- 
